INTRODUCTION
A search for gene(s) that would express major effect in multifactorial diseases has become widely recognized recently. There is evidence that coeliac disease is the result of two recessive loci (Greenberg and Lange, 1982; Kagnoff, 1982) . Hyperlipoproteinemia is the result of two loci (Utermann et al., 1980) , Graves disease (Uno et al., 1981) and insulin-dependent diabetes meUitus (Thomson, 1980; Nakao et al., 1981) have both suggested as candidates for a two-locus mode of inheritance. It has also been suggested that other HLA-related diseases, especially autoimmune diseases, may be the result of a locus within the HLA system and a second, non-HLA linked locus (Greenberg and Anderson, 1983) .
Segregation analysis has been used to delineate major gene(s) in such diseases (Morton, 1959; 1969) and computer programs have been developed to do necessary calculations which are however so complicated that an access to the procedure was mostly desperate. Therefore, it seems to be desirable to develop simple computational methods with desk calculator.
This statistical method handles data such several families in which each member of a sibship is examined for either healthy or affected status. When the method took into account different segregation frequencies within a given phenotype mating type, it has been called complex segregation analysis (Morton, 1959; 1969; Barrai et al., 1965; Elandt-Johnson, 1970; Lalouel and Morton, 1981) .
The present paper is concerned with the two-locus models of segregation analysis. The problem however seems not to be so simple. If we consider just two alleles at each of two autosomal loci, nine distinct genotypes be possible, ignoring phase of linkage. The nine genotypes can be deduced to two distinct phenotypes: healthy and affected, by possibly fifty different ways (Hartl and Maruyama, 1968) . Defries-Gussenhoven (t962) have studied that five of them deserve special attention, and Elston and Namboodiri (1977) added a sixth to her list.
In this paper we shall study on one of Six, doubly autosomal recessive mode of inheritance since the model would encounter very often in practice. Hogben (1932) first studied for statistical test of segregation frequency (p), Li (1953) examined mathematical properties of p, and Elandt-Johnson (!970) has introduced ascertainment probability (:r) to models of complex segregation analysis. She however did not consider one more parameter, proportion of sporadic cases (x). Here, we shall implement all three parameters in complex segregation analysis for the double recessive model. And table will be provided for computation made simple.
MODELS
Denote two alleles in each locus, A and a, and B and b. A trait might be an autosomal recessive aabb, and persons who consist of one of the remaining genotypes shall be healthy. Complete penetrance is assumed. When the frequencies of disease gene a and b, respectively a and b, were both infrequent or the trait in question is rare, the genotype of healthy couples (abbreviated as H x H) was likely to be AaBb x AaBb, and those of pairs in which one of parents was affected were likely to be AaBb x aabb. However if the trait in question is common, more than one segregation frequency can occur within a given parental phenotype mating type. Table 1 shows all genotype mating types, grouped into appropriate segregation frequencies when the ascertainment of families was made through offsprings. The analytic models for segregation distribution could be developed in accordance with the method of ascertainment and parental mating types (Tables 2-4) .
Segregation frequency. For phenotype mating type H x H, three possible segregations of affected children would be expressed as 1/4, 1/8 and 1/16 (Table 1) which were implemented in the model as pl=p, p2=p/2 and ps=p/4, where p was a parameter. On the other hand, only the first two pi's were relevant in H x A matings. The proportion of mating type for a given segregation frequency could be expressed in terms of the harmonic mean of two normal genes or k=2AB/(A + B), where A=l-a and B=l-b (Elandt-Johnson, 1970) . Namely, (l-k) 2 : 2k(1-k) :k 2 for HxH matings, and 1-k :k for HxA matings (Table 1) . Then mean segregation frequency will be (1-k/2)~/4 and (1-k/2)/2 for HxH and HxA, respectively. Thus, when k=0, either A or B (not both) was absent, the model reduces to the classic segregation model for single recessives (Morton, 1959) . Therefore, the parameter k could be used for testing the null hypothesis of single locus. Table 2 . Expected segregation distribution for doubly autosomal recessive model. Single ascertainment through affected children (~---*0).
Matings
Expected probability
s, sibship size; r, number of affected sibs. p is the parameter for segregation frequency, x is proportion of sporadic cases, k is the harmonic mean of two normal genes which determine a conditional mating type frequency (see note of Table 1 ). pl=p, p~=p/2 and ps=p/4. Xi=x+(1-x)(1--pi)s-1; Pl=(S)pir• (1--pl) s-r for i= 1,2,3. P(r) is the expected segregation distribution for r= 1,2, .... s. In table formulae of P(r) are for r> 1. 
s, sibship size; r, number of affected sibs. p is the parameter for segregation frequency, x is proportion of sporadic cases, k is the harmonic mean of two normal genes which determine a conditional mating type frequency (see note of Table 1 ). p1=p, p2=p/2 and pa=p/4.
for all family, and Y1=1--(1 --pin)s--spl~(1--pl) s-1 for multiplex family alone. P(r) is the expected segregation distribution for r= 1,2 ..... s. In table formulae of P(r) are for r> 1. 
s, sibship size; r, number of affected sibs. p is the parameter for segregation frequency, h is proportion of nonsegregating family, k is the harmonic mean of two normal genes which determine a conditional mating type frequency (see note of Table 1 ). Qi=(1-pi)s; Pt=(rS)Py(1-pi)s -r. P(r) is the expected segregation distribution for r=0,1,2 .... , s. In table formulae of P(r) are for r>0. Tabulation of P(r) and scores and not shown in appendix because of excessive pages and of seldom encountering the case in practice.
Proportion of sporadic cases. When a null hypothesis of k=0 was rejected, it meant simply that data did not fit to a simple single autosomal recessive mode of inheritance. One way to adjust the model to data is to introduce proportion of sporadic cases (x), The concept of sporadics has first introduced in hereditary anomalies by Haldane (1949) who distinguished isolated cases from sporadics in simplex families. Occurrences of sporadics in fact suggest nonhomogeneous entities of disease. There are a many mechanisms of sporadics such as mutations, phenocopies, technical errors, extramarital conceptions, rare instances of heterozygous expression of a recessive gene, chromosomal nondisjunction, multifactorial, and possibly environmental. The present model takes into account a portion of sporadics due to double recessives. Ascertainment probability. This is actually the probability of detecting gene in question in population which happened to multiply in families, and is a nuisance parameter in segregation analysis. Statistically speaking, segregation frequency is rather robust to it while proportion of sporadic cases is somewhat sensitive to it, compared to segregation frequency. Both parameters are almost linearly related with the ascertainment probability zr, but p is positively one hand and x is negatively the other hand (Yasuda, 1982) . Thus, two extremes of single (~r ---, 0) and complete (~r=l) ascertainment were assumed in the analysis in order to assess affects of sampling, provided that no estimate of ~r was available as most usual situations.
STATISTICAL METHODS
For a given parental phenotype mating type, let ns be the number of families with sibship size s, let nsr be the observed number of families of size s with r affected sibs, and P(r) be the expected value of n~r or E(n~r)=n~P(r). Then u-scores for respective parameter are defined as the first derivative to the logarithm of likelihood of the observation, while k-scores are obtained from the expectation of product of u-scores; for example, kpp=~s. ~up~P(r), kpx=ns. Yl.UpUxP(r), .... r r
The total scores of sample could be calculated additively in terms of sibship size such as Up= )-].up and Kpp= Z kpp.
s $ A test of null hypothesis for a specific parameter may be performed by a statistics z2=U2/K, which asymptotically follows the chi-square distribution with one degree of freedom. Here the subscripts to the scores were omitted for brevity (see, for example Yasuda, 1982) .
When a value of ~ was unknown, further modifications of scores could be possible. Having some guess estimates for zc from experiences in data gathering, the following conventional formulae proved to be practical:
where the subscript 0 and 1 denote for the value obtained under the assumption of single and complete ascertainment, respectively. By all means, the scores could compute directly for a given value of ~r when a high speed computer was in use. Experience indicates the conventional method be satisfactory.
In order to make computation simple, numerical values of the probability P(r) and u-scores for p, x and k are listed in appendix table A1-A4 for some size of sibship.
NUMERICAL EXAMPLE AND DISCUSSION
Graves disease has been suggested as a candidate for the two-locus mode of inheritance (Uno et aL, 1981) . In Table 5 , segregation distribution were shown for eight nuclear families whose both parents were healthy and for seven families whose one of parents was affected. An attention has been paid for multiplex families in sampling, gathered the nuclear families with at least two affected individuals regardless parent and/or children. In segregation analysis, multiplex family denotes that multiple cases were observed in sibling. Thus, only seven families whose both parents were healthy could be subjected to further analysis. Because of a smallness of sample, the following calculations would rather be for illustration of the method. Table 6 summarizes the results of computation. Since no distinction of proband and secondary case were informed, computations should be made for two extreme values of ~r: zc=0 and 1. In the following illustration, the values of nsr were taken from Table 5 (data), P(r) and u-scores were from Table A3 . For example, the total scores for U and K under the null hypothesis of single recessives that H0: p=1/4, k=0, ~r=0, were calculated as follows: (Uno et al., 1981 ; Sasazuki et al., 1982) . Two genetic models have been proposed in Graves disease by the affected sibpair method : (i) an HLA-linked recessive gene with frequency 0.30 and a Gm-linked recessive gene with frequency 0.10; and (ii) an HLA-linked dominant gene with frequency 0.08 and a Gm-linked recessive gene with frequency 0.10. It is therefore of most interest to examine whether doubly recessive hypothesis that H0: p=l/16, k=2x0.7x0.9/(0.7+0.9)=0.7875 and ~r=0 or 1 fit to the data. The results of segregation analysis by a high speed computer were summarized in Table 7 . Fits were very good. It can also be shown that the data fitted well with the other two locus model.
Although no statistical distinction between one and/or two locus mode of inheritance could be made in this particular example of Graves disease by segregation analysis, probably because of a smallness of sample size, a joint approach of affected sibpair method and segregation analysis should be promising. For instance, affected sibpair method would provide frequency of disease gene for complex segregation analysis. Greenberg (1984) has examined the power of segregation analysis to distinguish between one-and two-locus models for recessive mode of inheritance. Among other things, he did extensive computer simulations and found that the method has a sufficient power to distinguish between the fully penetrant single and doubly recessive models. He has also found thatthe method_could also distinguish fairly well between the dominant-recessive and single recessive 9
We have been developing a computer program implemented six genetic hypotheses mentioned previously, and will communicate it elsewhere. Note: Omitted the figure below the fifth place of decimals. Table A2 .
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Probability and u scores for the hypothesis that Ho: p= 1/2, x=0, k--0 and ~r in the doubly recessive model. I. Simplex and multiplex families. 9 1 9 2 9 3 9 4 9 5 9 6 9 7 9 8 9 9
0.5000 0.5000 Note: Omitted the figure below the fifth place of decimals. Vol. 29, No. 4, 1984 Note: Omitted the figure below the fifth place of decimals. 9 2 9 3 9 4 95 9 6 9 7 9 8 9 9 10 2 10 3 10 4 10 5 10 6 10 7 10 8 10 9 10 10
Note: Omitted the figure below the fifth place of decimals. Vol. 29, No. 4, 1984 
